Abstract. The integration of actuators and sensors using smart materials enabled various applications including health monitoring and structural vibration control. In this study, a robust control technique is designed and implemented in order to reduce vibration of an active structure. Special attention is given to eliminating the possibility of interaction between the health monitoring system and the control system. Exploiting the disturbance decoupling characteristic of the sliding mode observer, it is demonstrated that the proposed observer can eliminate the possible high frequency excitation from the health monitoring system. At the same time, a damage identification scheme, which tracks the changes of mechanical impedance due to the presence of damage, has been applied to assess the health condition of structures. The main objective of this paper is to examine the potential of combining the two emerging techniques together. Using the collocated piezoelectric sensors/actuators for vibration suppression as well as for health monitoring, this technique enabled to reduce the number of system components, while enhancing the performance of structures. As an initial study, both simulation and experimental investigations were performed for an active beam structure. The results show that this integrated technique can provide substantial vibration reductions, while detecting damage on the structure at the same time.
Introduction
Nondestructive evaluation (NDE) of structural integrity, or health monitoring, using smart materials has been of great interest to civil, ocean and space engineering community. Also, there have been a lot of research efforts incorporating smart materials as sensors and actuators for vibration suppression of flexible structures. Smart structures refer to structures with material components that can respond or adaptively change as the result of external conditions. These materials, when incorporated into structures, can provide a variety of solutions to problems associated with vibration suppression and structural diagnostics.
DeGuilio [4] proposed a technique, which allows a single piece of piezoelectric (PZT) material to concurrently control the vibration of a structure and detect structural damage. Impedance-based health monitoring techniques, which track mechanical impedance changes due to the presence of damage, have been used to assess the health condition of a structure, and multiple Positive Position Feedback (PPF) controllers have been utilized for vibration suppression. The application of this simultaneous active control and damage detection technique have certain advantages over using separate sensors and actuators for each purpose, such that the number of system components can be reduced, and that the performance of structures can be greatly enhanced. The positive position feedback (PPF) controller is a very simple and effective method for vibration suppression. However, issues related to model uncertainty and spillover were not discussed.
The impedance-based health monitoring technique is based on the change in the signature of the structural impedance. To obtain the response, a set of PZT segments are used to excite the structure and to measure the signal simultaneously. When the same PZT patches, however, are used as sensors in the control system, this signal flows into the control feedback loop. Then the signal may be amplified by the control gain and may cause undesirable excitations to the structure.
In this study, the feasibility of using sliding mode controller/sliding mode observer, as a part of simultaneous control and health monitoring of an adaptive structure, is presented. A sliding mode controller is designed to achieve robust vibration suppression in the presence of the modeling errors and disturbances. In particular, the use of a sliding mode observer is investigated to decouple the undesirable interaction between the health monitoring system and the control system. The key idea of this study is to use the sliding mode observer to eliminate the possibility of the undesirable excitation caused by the health monitoring system, when both health monitoring and vibration control are implemented simultaneously. This observer/control scheme is to be used in conjunction with the impedance-based structural health monitoring technique. The theory behind the techniques, both the health monitoring and the sliding mode control, is presented in the following sections.
Impedance-based health monitoring technique
The impedance-based health monitoring method utilizes the direct as well as the converse piezoelectric (PZT) effects simultaneously, hence, one PZT patch can be used for both actuation and sensing of the structural response. The basic concept of this approach is to monitor the variations in structural mechanical impedance caused by the presence of damage.
By analyzing the interaction of the PZT with the host structure, it has been derived that the electrical impedance of PZT is directly related to the mechanical point impedance of the external structure [15] . If a structure is damaged, the structural parameters, such as mass, stiffness or damping would be changed. In other words, the mechanical impedance would be modified. Since all other PZT properties remain constant, any changes in the electrical impedance signature of piezoelectric materials are attributed to damage or change in the structure. A complete description of this technique is described in the literature [12] . The variation in the electrical impedance of a PZT bonded to the structure, over a frequency range, is analogous to the frequency response but has much higher resolution and is more easily obtained. This provides a simple way of acquiring the signature pattern reflecting the current condition of the structure. Experimental implementation of the impedancebased structural health monitoring technique has been successfully conducted on several complex structures; a four bay space truss [2] , an aircraft structure [3] , complex precision parts [10] , composite-concrete combinations [14] , several built-in civil structural components [12] , and a civil pipeline [13] . The method has been also tested under significant varying temperature conditions [11] .
Proof-of-concept experiment
As a proof-of-concept application, an experiment was performed to detect and locate damage in a freefree aluminum bar, as shown in Fig. 1 . The aluminum bar of dimension 630×40×2 mm was suspended by a thin wire to simulate a free-free boundary condition. Five pairs of PZT patches (Piezo Systems Inc. PSI-5H, 40×15×0.2 mm) were bonded to the bar, for the acquisition of electrical impedance. Four elements were defined between PZT patches.
HP4194A electrical impedance analyzer was used for the measurement of the PZT's electrical impedance in the frequency range of 70-90 kHz. The range for a given structure is determined by a trial and error method. It has been found that a frequency range with a high mode density exhibits a higher sensitivity, since it generally covers more structural dynamic information. A frequency range, 70-90 kHz, is found to be favorable in monitoring this specific structure.
Damage was induced by attaching two bolts, with diameter of 10 mm, on the middle of the third element. This damage can be considered as an addition of mass, and also as having stiffening effects on the element by tightening bolts on the side of the cross section of the bar. The impedance measurement (real part) of the PZT 3 over the determined frequency range is shown in Fig. 2 . Only the real portion of the electrical impedance is analyzed to predict damage. The real part is more sensitive to changes in structural condition than the imaginary part or magnitude, since they are dominated by the capacitive response of the sensor. As shown in Fig. 2 , a complete change occurs in the impedance signature pattern over the entire frequency range and is clearly indicative of damage.
A damage metric chart is also shown in Fig. 3 . The damage metric, defined as the sum of the squared differences of the real impedance changes at each frequency step, is used to simplify the interpretation of the impedance variations and provides a summary of the information obtained from each impedance response curve. As shown, there is a relatively large increase in the damage metric value for PZT's 3 and 4, indicating that the damage is located between these two sensors. This demonstrates that the damage metric chart can provide the location of damage, as well as a summary of the impedance variation.
Sliding mode observer based control
This section describes control issues related to the vibration control of flexible structures. Special attention is given to a sliding mode observer with application to vibration control problem. A sliding mode observer is initially applied to reduce observation spillover that may cause instability [9] . Another usefulness of the proposed sliding mode observer is in its robustness and disturbance decoupling property.
In theory, the dynamics of flexible structures include an infinite number of degrees of freedom [6] . For vibration controller design, however, it is common to design a control system based on only a few lower modes [1] . This makes the control bandwidth remain below a certain frequency. On the other hand, the impedance-based health monitoring method uses the signal above that frequency to ensure the sensitivity to minor changes in the near field of piezoelectric sensors. However, an interaction between the control system and the health monitoring system might occur at certain ranges of frequencies, when a relatively low frequency range is selected for health monitoring. This interaction may cause an unwanted excitation to the structure by feeding back the signal into the control loop.
Sliding mode controllers require the full state vector [7, 16] . Usually a state estimator is designed to provide states that cannot be measured directly. Typically a Kalman filter [8] is used to decrease the elements of the observer gain matrix and consequently reduce the observation spillover due to the residual modes. How- ever, these previously published results did not address the robustness issues of the controller to observation spillover. In this effort, we introduce a sliding mode controller using state estimates from a sliding mode observer that reduces the effects of observation spillover from the residual modes as well as the undesirable excitation from the health monitoring system.
The sliding mode observer design
The observer utilizes the same sliding mode concept as in the sliding mode control theory and is known to have the robustness property and the disturbance decoupling property. Using the properties, robust state estimation and observation spillover reduction in the presence of excitation from health monitoring system are expected. The equation of motion for flexible structures in state space form can be written as [9] 
where v N ∈ R n is the controlled modes, v R is the residual modes and y ∈ R p is the measured output. The matrices A N , B N , A R , B R , C N , and C R can be defined with appropriate dimensions. Considering that the signal from the health monitoring system would flow through the control input channel, Eq. (1) can be rewritten asv
where ξ is the matched disturbance from the health monitoring system and assumed to be bounded ξ α.
The sliding mode observer is designed based on the controlled modes, Eq. 
the nominal system can be written aṡ
where
T . The sliding mode observer proposed by Utkin [5] has the form
. 
Define a further change in coordinates, dependent on L, byT
and letẽ 1 = e 1 + Le y . Then the error system with respect to the new coordinates can be written as
.
To show the stability of the error system, choose a Lyapunov function as
with the symmetric positive definite matrices P 1 and P 2 , satisfying the following relationship
The time derivative of the Lyapunov function becomeṡ
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Eq. (18) can be showṅ
the time derivative of the Lyapunov functionV < 0, thusẽ 1 and e y → 0 in finite time.
Sliding mode controller design
Sliding mode controller is designed to achieve a robust vibration control performance in the presence of the uncertainties and disturbances. Considering the controlled mode equation, Eq. (1), a hyperplane is defined as
where n is the number of states in the controlled modes. It is assumed that an ideal sliding motion can be induced on the hyperplane with proper control action. In addition, it can be shown that the dynamical behavior of the system on the hyperplane is insensitive to uncertainties and disturbances. The equivalent control method [5] is used, and the control action and the switching strategy are found so that an ideal sliding motion takes place on the hyperplane. Taking the time derivative of the hyperplanė
and choosing the equivalent control action, u eq , to be
the closed-loop system becomeṡ
Assuming σB N is nonsingular, the close-loop system can be made stable with a proper choice of σ. Several approaches can be used for the design of the hyper- plane σ such that quadratic minimization, eigenvalue placement or eigenstructure assignment methods. To achieve robustness despite uncertainties in the dynamics, a discontinuous control is added to the equivalent control. The discontinuous control has the form
where ρ c is a positive scalar and sat(S/Φ) is used to avoid the chattering phenomena due to the discontinuous control action and is defined as
Here Φ is the width of the boundary layer that is parallel to the hyperplane. The total control is composed of u = u eq +ū.
Discussion of results
The vibration of a flexible cantilevered beam with piezoelectric (PZT) actuators/sensors, as shown in Fig. 4 , is used to demonstrate the performance of sliding mode observer through the simulation as well as the experiment. A pair of PZT patches near the root of the beam is used as an actuator, and piezoelectric patches at the one-third and in the middle of the beam are used as sensors. The controller and observer are designed based on the first four lower modes of the beam. The sliding mode controller will be used in conjunction with the impedance-based health monitoring technique to provide simultaneous control and health monitoring of the structure. Robust performance of vibration suppression in the presence of uncertainties and disturbances can be achieved using the sliding mode concept. The closed-loop system representing the beam, the control system, and the health monitoring system is shown in Fig. 5 . The details associated with the mathematical model of the beam can be found in reference [9] . The properties of the beam and PZT patches are listed in Table 1 .
The state estimation performance of the sliding mode observer is compared to that of the Luenburger observer in the simulation study. A disturbance at 180 Hz, which is close to the fifth mode of the beam, is considered to excite the beam through the control input channel. Simulation results of state estimation performances with the Luenburger observer and the sliding mode observer are shown in Figs 6 and 7 , respectively. The first two states are presented in each plot in order to clearly indicate the difference in performance between two observers. As shown in Fig. 6 , the Luenburger observer produces the state estimates containing the high frequency exci- tation. Feeding back the state estimates with this high frequency component into the control system may excite the beam at higher modes, which is ignored in the controller design, and thus make the closed-loop system unstable. Also it can be seen that no significant vibration reduction is achieved due to the presence of the disturbance. The sliding mode observer, however, gives state estimates filtering out the high frequency excitation as shown in Fig. 7 . The controller with the sliding mode observer achieves faster vibration suppression than with the Luneburger observer. From the simulation, we can conclude that the sliding mode observer has the desirable decoupling characteristic of filtering out the unwanted high frequency excitation from the health monitoring system. Figure 8 shows the value of the discontinuous inputs of the sliding mode observer with respect to time. The magnitudes of the discontinuous components are chosen to be 2 in this simulation study.
An experiment was performed to examine the vibration suppression performance with a sinusoidal disturbance. A dSPACE controller (dSPACE GmbH) was used in combination with Matlab real-time workshop, and the SIMULINK software was used to build the control system diagram. The sampling rate in the experiment was set at 1000 Hz, and a signal amplifier (TREK 50/750) was used to amplify the control signal from the dSPACE controller to the PZT actuator. Figure 9 shows an impulse response of the beam obtained from the experiment when the sliding mode controller/sliding mode observer are used for vibration control. The closed-loop response (solid) is compared Figure 10 shows the control performance with 56 Hz (close to the second natural frequency of the beam) sinusoidal disturbance when a Luenburger observer is used for state estimation. No vibration suppression could be achieved. On the other hand, when estimates from the sliding mode observer is used for the feedback control, 78% vibration suppression at PZT 1 and almost 90% vibration suppression at PZT 2 could be achieved, even in the presence of disturbance as shown in Fig. 11 . It clearly demonstrates the effectiveness of the sliding mode observer.
Conclusion
A technique, which allows a single piece of PZT material to simultaneously control the vibration of a structure and detect structural damage, has been investigated. In particular, a sliding mode observer is proposed for state estimation to reduce the effects of unwanted high frequency excitations from the health monitoring system. A damage identification scheme, which tracks the changes of mechanical impedance due to the presence of damage, has been applied to assess the health condition of structures. As an initial study, both analytical and experimental investigations were performed to a simple beam structure. The results show that this integrated technique can provide substantial vibration reductions, while detecting damage on the structure at the same time. The proposed sliding mode observer demonstrated that it can eliminate the possible effects from high frequency excitations from the health monitoring system. In this simulation and experiment study, relatively low frequency excitations were considered. This demonstrates that the proposed technique would be useful even when different health monitoring techniques, such as the damage identification technique using modal parameters, are employed simultaneously. 
